In this paper, an integrated computer simulator tool of rotary crane with ship behavior in consideration of ship sway and load sway is newly built to systemize the state analysis of a shipboard crane. The integrated simulator of shipboard crane was realized by cooperating a component of external force interface routine and fluid analysis software. A transfer control system is conducted by HSA (Hybrid Shape Approach) using STT (Straight Transfer Transformation) method and its effectiveness in suppressing the sway of both ship and load was confirmed by the simulation analysis. A shipboard crane operational training system which we call virtual coach teaching system, is also presented, in order to shorten the training period of amateur operators. The controlled inputs generated from HSA controller which are utilized as the ideal commands are then converted to drive a newly built teaching interface. Subjects are physically coached through the ideal motion of joystick by placing their hand on the teaching interface, thus giving them a kinesthetic understanding on how to transfer a load without exciting the sway of both the ship and load. Performance of subjects was measured in terms of transfer time by conducting an experiment using a newly built virtual driving simulator. Findings from this study indicate that virtual coach teaching is effective in training.
INTRODUCTION
Japan is an island encircled by sea, thus ship transfer plays an important role in transportation of goods. A shipboard crane, which has a crane mounted on the ship, is often used for transportation purpose in the ocean. Loading work can be done on the harbor which does not have crane facilities by shipboard crane. It is also utilized for building facilities in the sea.
The load oscillations of the shipboard crane are generated due to the composite sway motion of crane and ship. As a result, shipboard crane operation becomes very difficult and complicated. Substantial experience and intuition are required to transfer a load without exciting the load oscillations. Furthermore, shipboard crane is a large equipment, a misstep during operation can cause serious accident. Therefore, before operating the actual shipboard crane, sufficient training and education are required.
At present, the development of the training simulator with high realistic sensation where the new operator could learn the skill of crane operation beforehand is attracting much attention (see M. Al-Hussein et al. [2006] and J. Y Huang et al. [2003] ). In A.H. Nayfeh et al. [1999] , a virtual simulation of ship-mounted crane is carried out in CAVE (Cave Automated Virtual Environment). A six-degreesof-freedom motion base was used to simulate the actual Fig. 1 . Shipboard crane motion of a ship. The simulation serves as a platform to study the dynamics of ships and ship-mounted cranes under dynamic sea environments and also serves as a training platform for ship-mounted crane operators.
Recently, most of the developed training simulators require amateur operators to grasp the crane operation's skill by performing trial and error method. Conventional educational materials like video and the demonstration of an expert operator are also typically applied for the training of an amateur operator. However, since transferring a load without exciting the sway of both the ship and load on a shipboard crane is a complicated sensorimotor task, it is difficult to be explained and described verbally or even visually. As a result, much time is required for an amateur operator to master the skill if they depend only on visual and auditory senses. D. Feygin et al. [2002] and M. Dan et al. [2007] show that kinesthetic sense allows subjects to have a better understanding in the process of learning a motor skill such as Chinese calligraphy. Thus, the development of a haptic interface that allows the trainee to physically understand how to transfer a load without exciting the sway of both the ship and load is proposed.
In this paper, we present a virtual plant of shipboard crane, comprised of Computational Fluid Dynamics (CFD) and Mechanical Dynamics, to systemize the state analysis of a shipboard crane. Furthermore, in order to shorten the training period, a completely new method for shipboard crane operational training is also introduced in this paper. A haptic interface is newly built to physically coach the subjects, thus giving the subjects a kinesthetic understanding on how to transfer a load without exciting the sway of both the ship and load. In order to derive the ideal commands which are able to transfer a load without exciting the sway of both the ship and load, a transfer control system is conducted by HSA (Hybrid Shape Approach) using STT (Straight Transfer Transformation) method.
This paper is organized as follows. In Section 2, the composition of virtual plant which is constructed as computational simulator for shipboard crane is explained. The mathematical model for crane and the external force applied on the ship is derived in this section. Based on the constructed virtual plant, in Section 3, the construction of a brief model for shipboard crane is explained. Section 4 deals with the design of a control system to transfer a load without exciting the sway of both the ship and load whereas in Section 5, simulation results are shown. In Section 6, the composition of virtual coach teaching system is explained and its effectiveness is shown in Section 7. Conclusion is drawn in Section 8.
COMPUTATIONAL SIMULATOR OF SHIPBOARD CRANE
Parameters of shipboard crane are shown in Table 1 . The form of the ship is represented by a rectangular parallelepiped. The rotational center of shipboard is the gravity center of shipboard, the direction of translation movement of shipboard is only in Z-direction, and the rotational direction is assumed to be around X-axis and Y -axis. The absolute coordinate system Σ is an X-Y -Z coordinate system fixed in space, and the crane coordinate system Σ ′ is an X ′ -Y ′ -Z ′ coordinate system fixed to the rotary crane.
A virtual plant built in this paper is comprised of Computational Fluid Dynamics Software (Flow 3D, Flow Science Inc.) to analyze the fluid behavior, in which the moving obstacle (shipboard) is floated, and crane simulation to analyze the behavior of the crane. Here, Flow 3D used in this paper is a very famous software to analyze the sloshing and the filling behavior of fluid into cavity. As environmental conditions of fluid, it is possible to assign obstacle transfer in the liquid tank easily, the approaching state of ship to gulf and the condition of its transfer. However, it is impossible to calculate the obstacle (shipboard) Fig. 2 . The definition of a coordinate system in the fluid in real time. Then, the present virtual plant integrated Flow-3D with crane dynamics is insufficient. Hence, we newly developed an external interface routine to give external force into a moving obstacle (shipboard) Flow chart is shown in Fig. 3 . Schematic diagram of swing angle model of rotary crane is also shown in Fig. 4 Using flow chart in Fig. 3 , let us explain the procedure of calculation with respect to the virtual plant. First, as shown in Step 1 of Fig. 3 , both the analysis of initial state of the obstacle objects and the fluid analysis by Flow 3D are executed. Here, the fluid analysis by Flow 3D solves a Navier-Stokes equation based on finite-difference method by control volume method. Next following is the step 2, rotational input, luffing input, and loading and unloading input of rotary crane are loaded from input file. In Step 3, the tip positionx ′ ,ỹ ′ ,z ′ of a boom are calculated using
Then in Step 4, rotational value (ρ x , ρ y , ρ z ) of the moving obstacle and translation value (δ x , δ y , δ z ) are read from the data calculated by Flow 3D. In
Step 5, coordination transformation from Σ ′ to Σ is done. 
Here, coordination transform matrix T xyz is a matrix comprised of (δ x , δ y , δ z ) and (ρ x , ρ y , ρ z ) calculated by Flow 3D. Followed by Step 6, load position is calculated from Eqs.(9)-(11) using load swing model of Eqs. (7)- (8).
x =x + l sin α cos β 
Equations (7)- (11) are called a swing angle model of shipboard crane, and the detailed explanation is described in the literature (see R. Ito et al.[2008] ). The validity of this model is guaranteed by conducting many experiments using the experimental devices of author's laboratory. Finally, in
Step 7, force and torque added to shipboard is calculated from the current state of rotary crane and load. The whole procedure is repeated, which starts all over again from Step 1. These calculation is repeated every sampling time. The originality of this paper is to present a virtual plant comprised of fluid model of shipboard using CFD and rotary crane model based on the mechanical dynamics.
A BRIEF MODEL FOR CONTROL DESIGN
Procedure for control design considered in this paper is shown in Fig. 5 . In this paper, control design is not conducted using the virtual plant, because the virtual plant is a very complex model and it needs an enormous time to be computed. Alternatively, we build a simplified brief model for control design.
Firstly, we conduct control design based on a simplified brief model of shipboard, and evaluate the control performance on it. Next, we evaluate control performance using a virtual plant to see whether its performance using a simplified brief model satisfies the requested specification. This procedure simplifies control design and reduces the designing time. Hence this design procedure, which is comprised of a complicated and exact virtual plant, and a simplified brief model, is considered to be a reasonable and effective method. The brief model is a mathematical model which represents the behavior of shipboard, and this model is made from the virtual plant. Then, a mathematical model of shipboard is firstly built. Motion equation of shipboard is derived from the balance equation on inertia force (or torque) of shipboard F I (t), radiation fluid force (or torque) F R (t), viscous fluid force (or torque) F V (t), restoring force (or torque) based on static water F S (t), and external force (or torque) added to shipboard F (t). Generally, a ship performs six degree of freedom motion. However, while shipping and discharging the load by transfer work using a shipboard crane, rolling and pitching motions are important. It is assumed that the heaving, the surging, swaying and yawing motion are small. Thus, the mathematical model of ship sway took only rolling and pitching motions into consideration, which are shown as follow;
Here, ρ i : inclination angle of shipboard, I i inertial moment, m i mass quantity of added water, N i : wave making damping coefficient,C i : coefficient of restitution (displacement × metacentric height), T i : Torque added to shipboard, and i = x, y.
Equations (12) and (13) of rolling and pitching motion are represented using damping ratio ζ and natural frequency ω n as follows;
, where
Furthermore, when ρ i is output and T i is input, each transfer function G ρx (s) and G ρy (s) can be derived from Eqs. (14) and (15) as follows;
Now, damping ratio ζ i , natural frequency ω ni [rad/s], and gain K i must be identified. Conventionally, these parameters must be identified by experiments, but in this research, parameters can be identified by computer simulation using a virtual plant comprised of CFD model (Flow 3D) and rotary crane model. This is a large advantage in this research. Concretely, while transfer of rotary crane is executed using a virtual plant, inclination angle of shipboard is calculated. Parameter identification is carried out by Least Square Method using Simplex Method such that inclination angle of shipboard by brief model matches with that of a virtual plant. The parameter values obtained by this method are as follows; 
TRANSFER CONTROL
Shipboard crane system considered in this paper is shown in Fig. 7 . This system is comprised of gyro sensor to measure rolling, pitching and heaving motion, and encoder to measure rotary angle, luffing angle, rope length, and load's sway angle. Hence, the load's position is detectable using these sensing system.
Straight transfer transformation (STT) method
The present transfer using a rotary crane in actual sites mainly uses rotary motion. However, because centrifugal force is generated due to the rotary motion, load is largely swayed, and it takes a long time to suppress the load's sway. On the other hand, by using simultaneous control of rotary and luffing motion, a straight transfer transformation method (see K. Terashima, et al.[2007] and Y. Shen et al.[2004] ) where a load is carried out straightly on X − Y plane from a start point to end was proposed. By using this transfer method, load's sway is restricted in the straight direction only which is the transfer direction. Thus, design of an anti-sway control for transfer is made easier. In this paper, the STT method is adopted.
The control velocity reference for STT is calculated along the straight transfer from start to end. Then, its reference on straight line is decomposed to each velocity reference of X-axis direction and Y -axis direction. Furthermore, using Jacobi Matrix which is derived from the relation between tip position of boom, and rotary and luffing angle of crane, each velocity is transformed into rotary velocity and luffing velocity of rotary crane, which finally become control input of the rotary crane. 
Hybrid shape approach
In this paper, centrifugal force is excluded by STT method, and anti-sway control system is designed by applying Hybrid Shape Approach (HSA) proposed previously by authors. HSA (see K. Yano et al.[2001] ) enables us to satisfy the specifications given by both frequency domain (vibration characteristic, gain and phase characteristic) and time domain (transient characteristic, settling time, overshoot, input constraints) by placing the both design specification as penalty functions for optimization.
Furthermore, HSA is a control design method that ultilizes notch filter corresponding to natural frequency by vibration elements of controlled object.
The present control system is comprised of PI controller to progress the tracking and the responsibility, low pass filter to cut the higher order dynamics and noise, and notch filter to make the sway suppression of crane's load and ship possible.
Here, ζ is set as 0.0001, in order to reduce the gain at the natural frequency drastically. Vibration elements of shipboard crane are sway of crane's load, and rolling sway and pitching sway of ship. Notch filter is respectively compensated corresponding to each elements, where natural frequency ω l of crane's load is ω l = 0.5717 [rad/s]. Unknown parameter K P , K I and T L are optimally determined by means of Simplex Method of Nelder so as to satisfy both specifications of frequency and time domain. However, a solution obtained by Simplex Method is not always globally optimum one, and then trial using another initial simplex value was repeated until the values which satisfied the requested specification is obtained. The obtained control value is given as follows, and gain diagram of the obtained controller is shown in Fig. 8 . Good characteristics of controller were obtained. 
CONTROL RESULTS USING A VIRTUAL PLANT INTEGRATED BY CFD AND ROTARY CRANE MODEL
Finally, the effectiveness of the obtained control system is validated through the computer simulation using a virtual plant. Assumption on transfer environment is given as follows; wind and wave do not exist, and there exists a shipboard crane on the static water in the large sea, and Sommerfelf condition as the fluid boundary condition of virtual plant is adopted such that transfer phenomena at constant speed is assumed to generate around the boundary between shipboard and fluid. Fig.9 .
As shown in Fig. 9 , by using straight transfer to exclude the centrifugal force, load does not sway outside the straight line. Furthermore, the sway of load and ship is not excited at all by anti-sway control, and good transfer without sway has been achieved. Through this virtual simulation, it was made clear that the obtained control system is very effective. The results obtained by using a virtual plant is almost similar with the results obtained by using a brief model, although slight difference appeared. However, when ship is inclined, tip position of boom deviates from the reference position.
Control simulation
Control simulation result is shown in Fig.10 . Transfer environment and transfer distance are the same as in transfer simulation of crane's load conducted in Section 5, where acceleration 2.0 [m/s 2 ] and velocity 1.0 [m/s] are set for the straight transfer. In order to compare with the present control system, straight transfer without using anti-sway control is also done, and it is shown in Fig.11 . As shown in Fig. 10(a) , it is assured that this control system excludes the centrifugal force by straight transfer, and their load is not swayed outside. Further, from Fig. 10(b) and (c), this system does not excite the sway of ship and the sway of crane's load, and hence anti-sway transfer of load has been achieved. On the other hand, straight transfer case without sway control excites large sway of load along the straight transfer direction, and therefore it is said that the system without sway control . Simulation results of STT control using simple mathematical model is very dangerous. From the above result, the proposed control system designed by considering both the sway of crane's load and ship showed good performance on the load's transfer of ship board crane.
VIRTUAL COACH TEACHING SYSTEM
The control system using HSA method introduced in Section 4 was actually applied to an experiment device of rotary crane and a driving test was carried out. Feedback shows that anyone including amateur can operate the crane without exciting load oscillations. However, we are concerned that there are also feedback complaining about the strange feeling and difficulty in trajectory tracking while operating the anti-sway controller used rotary crane.
Indeed, there are some constraints such as motor revolving speed for the designing of anti-sway controllers, especially feedback controllers. As we know, gusty waves and wind are common in the sea and this may cause the load to sway disorderly and violate the constraints. Therefore, there is possibility that the controllers may not function well or run out of control. Based on these reasons, there are opinions saying that shipboard crane is more effective and safer to be operated fully by the trained operators.
There are difficulties associated with the training of an amateur crane operator. The training is typically performed with conventional educational materials like video and the demonstration of an expert operator. However, crane's operation is a complicated sensorimotor task. It is difficult to explain and describe verbally or even visually. Only limited guidance is transfered to the trainee if only visual and auditory senses are utilized.
In the initial stage of learning, especially that with a complicated motor task, coaching, in which an expert instructor teaches trainee by the hand step by step, may significantly improve the learning process by allowing the subjects to make a connection between the verbal instruction from instructor and the motor requirements more easily (see D. Feygin et al. [2002] ). Thus, we developed a teaching interface that functions as a virtual coach which could substitute the actual instructor.
Teaching Interface
Joystick shown in Fig. 12 was developed as a teaching interface. The joystick rotates on the X J -axis and Y Jaxis. If the joystick is tilted on X J -axis, it rotates the rotary crane, and if it is tilted on Y J -axis, boom is hoisted. In order to drive the joystick, 2 AC servo motors with harmonic drive (speed reduction ratio = 1:100) is utilized. A force/torque sensor is attached on the joystick to measure the force which the operator applies to the joystick.
Furthermore, spring mass damper model shown in Fig. 13 is implemented in the joystick so that an operator could move the joystick using relatively little force and when the operator removes his hand from the joystick, the joystick is able to automatically return to its starting point. The joystick's motion equation could be expressed as follows:
, where θ J : joystick's inclination angle from original point, M y : force applied on joystick by operator, J r = 0. 
Paradigm
Block diagram of virtual coach teaching system is shown in Fig. 14. In the virtual coach paradigm, a set of velocity reference as shown in Fig.15 (a) is prepared in advance. The velocity reference is then shaped by the anti-sway controller so that a set of controlled input as shown in Fig.15 (b) that will not excite both the ship and load sway is produced. Next, the controlled input is converted to motor driving voltage to drive the motor mounted on the joystick. By driving the motor, the ideal motion of joystick when the load is transferred without exciting oscillations is replicated. Subjects are only needed to place their hand lightly on the joystick and they will be coached through the joystick's ideal motion, thus giving them a kinesthetic understanding of what is required to transfer a load without exciting both the sway of the ship and load. This provides the same sensation as an actual hand-on instructions by an expert instructor.
VIRTUAL COACH TRAINING

Training Condition
In order to reduce the risk of damage on the real crane, a virtual driving simulator shown in Fig. 16 is newly built. This simulator is operated by the joystick introduced in Section 6.1.
An experiment was devised to verify the effectiveness of the proposed virtual coach teaching system using the simulator. Subjects were 4 volunteers aged 22 years old who have no experience in operating rotary crane. The subjects were divided into 2 groups as follows:
(1) Group A: trial and error training (TE) (2) Group B: virtual coach training (VC)
The subjects were required to learn to transfer a 2.5 [kg] weight load along a 1.88 [m] long path and tried not to cause load oscillations as possible.
For group A, the training is performed based on the schedule shown in Fig. 17(a) . The subjects in this group have to perform self training, in which the subjects are required to grasp the skill to transfer a load without causing oscillations himself during training. For group B, the training is performed based on the schedule shown in Fig. 17(b) . The subjects in this group are guided through the joystick's ideal motion for 24 times, allowing them to experience the skill on how to transfer a load without exciting the load sway. In order to evaluate the progress, during the guidance, a total of 6 times self training in which the subjects have to perform the transfer experiment without guidance from the joystick are carried out.
In addition, 3 times of transfer experiment are performed before and after the training to evaluate the ability and progess of the subjects.
Performance of subjects was evaluated in terms of transfer time, in which the time elapsed when transfering the load 
Training Effectiveness
Fig . 18 shows the training result of the trial and error training methods. From the result, we learned that the transfer time for the group A subjects have a great fluctuation. It is believed that the subjects were trying to grasp the skill to transfer the load without causing oscillations, but it seems that they did not know how to perform it. Meanwhile, Fig. 19 shows the training result of the virtual coach training methods. We learned that the transfer time averagely decrease 35% after the subjects performed virtual coach training. It is believed that the improvement was achieved because the subjects had the chance to experience the joystick's ideal motion, thus giving them a kinesthetic understanding on how to transfer a load without exciting the load sway. Compared to the cluelessness of subjects in group A, although the subjects in group B are hardly replicate the joystick's ideal motion, but at least they understand how to transfer a load without exciting the load sway. If they could proficiently replicate the joystick's ideal motion, more efficient training is expected.
Based on the result, we could say that by applying our proposed teaching system, the training period could be shortened by about 30%. We can now continue to validate the effectiveness of our proposed training system by increasing the number of subjects.
CONCLUSION
In this paper, an integrated computer simulation of shipboard crane comprised of Flow 3D simulation, a brief model of ship, and rotary crane model is presented. An agile systematic control design with anti-sway for both the ship and load can be achieved without real condition experiments. Compared with control design using actual plants by trial and error method, the proposed system may reduce the development period to design the control system, and can be simulated under various environmental condition, the proposed system is considered to be very effective tool for control design of shipboard crane.
However, in such the case that full-automatic or semiautomatic control may not be realized due to high cost or the difficulty of installation to the established machine, human operator has to operate the crane manually. In this case, a virtual coach teaching system which gives the subjects a kinesthetic understanding on how to transfer a load without exciting load oscillations is presented. The findings from this study indicate that virtual coach teaching system can benefit the crane's operational training.
At the present moment, the proposed teaching system is verified using a virtual driving simulator of rotary crane. A virtual driving simulator shipboard crane is being constructed based on the derived brief model. In future, the proposed teaching system will be applied to the virtual simulator for training so that its effectiveness could be verified in consideration of dynamic sea environment.
